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Subcellular localisation, protein interactions, and RNA binding of the triple gene block proteins (TGBp) of Potato mop-top
virus (PMTV) were studied. The 13-kDa (TGBp2) and 21-kDa (TGBp3) proteins with or without green fluorescent protein fused
to their N-terminus, and the 51-kDa protein (TGBp1) were expressed individually from a recombinant Tobacco mosaic virus
(TMV) vector. Fluorescent images and Western immunoblotting experiments of recombinant TMV-infected Nicotiana
benthamiana cells suggested that TGBp2 and TGBp3 were associated with cellular endomembranes and that TGBp3 was
associated with the cell wall, possibly located close to plasmodesmata. In Western blots, TGBp1 was detected in fractions
containing the cell wall and those enriched for organelles and membranous structures. Self-interactions were demonstrated
with all three proteins in yeast two-hybrid experiments, and a heterologous interaction was found between TGBp2 and
TGBp3. No additional heterologous interactions were discovered between the different TGBp and none were detected in an
in vitro binding assay. TGBp1 and TGBp2 but not TGBp3 were shown to bind ssRNA in a sequence nonspecific manner. The
results support the model where TGBp2 and TGBp3 facilitate delivery and localisation of the ribonucleoprotein complex toINTRODUCTION
Potato mop-top virus (PMTV) is the type member of the
genus Pomovirus (Koenig and Lesemann, 2000) and is
transmitted in nature by the soil-borne Plasmodiophorid,
Spongospora subterranea. PMTV has tubular rod-
shaped particles that contain three species of plus-
sense, single-stranded RNA (ssRNA). RNA1 encodes the
replicase proteins (Savenkov et al., 1999), and RNA3
encodes the coat protein and a readthrough protein that
plays a role in the natural transmission of PMTV (Kashi-
wazaki et al., 1995; Arif et al., 1995). RNA2 contains three
overlapping reading frames in an arrangement that re-
sembles the triple gene block (TGB) of movement pro-
teins (Beck et al., 1991; Petty et al., 1990; Gilmer et al.,
1992; Solovyev et al., 1996), and a fourth open reading
frame encoding a cysteine-rich protein (Scott et al.,
1994).
TGB proteins (TGBp) are found in viruses belonging to
several different genera. They contain conserved amino
acid sequence motifs, and they have functional similar-
ities with their counterparts in the different viruses (Skry-
abin et al., 1988; Morozov et al., 1989; Solovyev et al.,
1996). There are two groups or classes of TGBp, for
example, those found in hordei-, beny-, pomo-, and pe-
cluviruses are differentiated by the larger size of the first
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106and third proteins compared with those of potex- and
carlaviruses (Solovyev et al., 1996). All three of the TGBp
are essential for the cell-to-cell movement of White clo-
ver mosaic virus (WClMV) (Beck et al., 1991), Potato virus
X (PVX) (Yang et al., 2000), Peanut clump virus (PCV)
(Herzog et al., 1998), and Barley stripe mosaic virus
(BSMV) (Lawrence and Jackson, 2001). In addition, coat
protein is needed for cell-to-cell movement of PVX (Chap-
man et al., 1992) and WClMV (Lough et al., 1998), for
systemic infection by PCV (Herzog et al., 1998), and Beet
necrotic yellow vein virus (BNYVV) (Quillet et al., 1989).
However, coat protein is not required for systemic infec-
tion by BSMV and PMTV (Petty and Jackson, 1990;
McGeachy and Barker, 2000).
TGBp1 proteins bind RNA (Donald and Jackson, 1994;
Bleykasten et al., 1996; Morozov et al., 1999; Lough et al.,
1998), and the TGBp1 of WClMV and PVX move cell-to-
cell independently of the other TGBp (Lough et al., 1998,
2000; Yang et al., 2000). The TGBp2 and TGBp3 are found
associated with cellular endomembranes and cell walls,
and the TGBp3 of Poa semi-latent virus (PSLV) assists
the translocation of TGBp2 to the cell wall (Solovyev et
al., 2000).
Experimental data have been produced that support
two possible models for the coordinated roles of these
proteins to assist movement of the viral RNA from cell-
to-cell in potexviruses: either 1. The viral RNA moves inthe plasmodesmata. However, the process is facilitated by
TGBp1 in complex with viral RNA and membrane-localised
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complex with TGBp1 and the coat protein (Lough et al.,
1998, 2000), or 2. Virions move through the plasmodes-RNA–p
TGBp2
mata (Santa Cruz et al., 1998). The membrane-associated
TGBp2 and TGBp3 are thought to assist intracellular
transport and localisation of the viral RNA:protein com-
plex to the plasmodesmata by a subcellular translocation
process possibly via the cytoskeleton. They may also
regulate cell-to-cell movement (Yang et al., 2000). The
molecular details are not clear but it is generally sup-
posed that there are specific protein–protein interactions
between the TGBp (Morozov et al., 1999; Lauber et al.,
1998; Yang et al., 2000; Solovyev et al., 1999). However,
deletion mutation analysis and substitution experiments
between PSLV and PVX TGBp2 and TGBp3 suggest that
TGBp3-assisted targeting of TGBp2 to the cell periphery
does not rely on direct protein interactions between them
(Solovyev et al., 2000).
The TGBp1 of PMTV has an estimated molecular mass
of 51 kDa, and amino acid sequence analysis shows the
presence of consensus sequence motifs characteristic
of helicases (Gorbalenya et al., 1988) in the C-terminal
half of the protein, including a characteristic NTP bind-
ing motif at aa 215–222. In addition to the C-terminal
NTPase/helicase domain, TGBp1 has a long N-terminal
extension containing positively charged amino acids that
could be involved in RNA binding. Hydrophobicity plots
of the 13-kDa (TGBp2) and the 21-kDa (TGBp3) se-
quences show for each of them two hydrophobic regions
separated by a hydrophilic one (Scott et al., 1994). The
hydrophobic regions are predicted transmembrane heli-
cal domains. No such domains were found in the 51-kDa
protein.
Attempts to study the localisation of the PMTV TGBp in
cells and tissues have been frustrated because they
could not be detected in extracts of PMTV-infected tissue
by ELISA, or immunostaining of Western blots using
antisera prepared to recombinant proteins (G. Cowan
and F. Lioliopoulou, unpublished results). Overexpres-
sion of proteins by viral vectors has produced informa-
tion on subcellular localisation and mode of action of
Golgi proteins (Boevink et al., 1998) and Groundnut ro-
sette virus (GRV) and Cucumber mosaic virus (CMV)
proteins (Ryabov et al., 1998; Blackman et al., 1998).
Therefore, we investigated the subcellular localisation of
PMTV TGBp expressed from a vector based on Tobacco
mosaic virus (TMV) (Shivprasad et al., 1999). In addition,
the TGBp2 and TGBp3 were expressed as green fluores-
cent protein (GFP) fusions from the TMV vector. Heterol-
ogous protein interactions were tested in the yeast two-
hybrid system, and RNA binding was investigated. The
results provide evidence in support of a model where
PMTV RNA is transported to the cell periphery as a
membrane-associated ribonucleoprotein complex with
RNA–protein interactions between TGBp1, viral RNA, and
TGBp2 playing a role in complex formation.
RESULTS
Subcellular localisation
GFP–TGBp fusion proteins were expressed individu-
ally from a recombinant TMV vector and detected in
different subcellular fractions by staining Western blots
with specific antisera. GFP-TGBp2 and GFP-TGBp3 were
detected predominantly in fractions enriched for nuclei,
chloroplasts, and membranous structures (P1 and P30)
(Fig. 1). In addition, GFP–TGBp2 was detected in the
soluble protein fraction (S30), whereas GFP–TGBp3 was
detected in the cell wall fraction (CW). In control exper-
iments to determine whether GFP affected localization,
TGBp2, TGBp3, and free GFP were also expressed from
the TMV vector. Similar results were obtained in Western
blots of samples of these tissues (data not shown), and
free GFP was detected predominantly in the cytoplasm
(S30) (Fig. 1C).
FIG. 1. Western immunoblots of subcellular fractions from leaf tissue infected with (A) TMV-GFP-TGBp2; (B) TMV-GFP-TGBp3; (C) TMV-GFP; and (D)
TMV-TGBp1. Lanes 1 to 4 contain samples P30, P1, CW, S30, respectively, and lane 5 contains a noninfected sample. The blots were reacted with
anti-TGBp2 (A), anti-TGBp3 (B), anti-GFP (C), and anti-TGBp1 (D). The positions of the molecular mass markers are indicated on the right. The
anti-TGBp2 and anti-TGBp3 antisera also react with plant proteins present in the S30 fractions of approximately 31 kDa (A) and 66 kDa (B), respectively.
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Full-length TGBp1 expressed from the TMV vector was
detected in P1, P30, and CW fractions (Fig. 1D). The
protein was also found in the soluble fraction but it
sometimes formed multimers or was degraded and there
was a reaction with a smaller fragment approx. 30 kDa
(Fig. 1D). A similarly sized fragment was detected in the
soluble fraction of extracts prepared from leaves infected
with a TMV clone where the TGB1 gene contained an
additional nucleotide that resulted in early termination of
translation (G. Cowan, unpublished results). The protein
product expressed from this clone comprised the entire
N-terminal domain of the TGBp1 thought to be respon-
sible for RNA binding.
Confocal imaging of GFP fusion proteins
Plants were inoculated with recombinant TMV ex-
pressing free GFP or GFP fusion proteins. Newly infected
epidermal cells near the periphery of the local lesions or
systemically infected emerging tip leaves (8–14 d.p.i.)
were examined by confocal laser scanning microscopy
(CLSM). Similar results were obtained with both types of
tissue. Discrete spots of fluorescence were seen in the
cytoplasm and close to the walls in cells infected with
TMV expressing GFP–TGBp3. The spots located near the
cell walls did not move over time and often the spots
were located opposite each other in neighbouring cells
(Figs. 2B and 2D, arrowed). When images of serial sec-
tions taken through the upper epidermis were superim-
posed, the fluorescent spots and aggregates formed a
reticulate pattern (Fig. 2F) similar to that seen when the
cortical endoplasmic reticulum is labelled with GFP
(Boevink et al., 1996).
In contrast, in cells infected with TMV expressing
GFP–TGBp2, fluorescent spots and aggregates were
seen moving through the cytoplasm, within transvacuolar
cytoplasmic strands and at the cell periphery (Fig. 2E).
Spots were also observed near the cell wall (Fig. 2C), but
they did not occur in pairs as described above for GFP–
TGBp3. Also, the fluorescent spots and aggregates were
more randomly distributed in superimposed serial sec-
tions and did not form an obvious reticulate pattern (Fig.
2G). Large aggregates were seen at the periphery of
some cells (Fig. 2E) and fluorescence was observed as
a halo around the nucleus (Fig. 2C). Images of cells
infected with free GFP showed fluorescence uniformly
distributed in the cytoplasm and cell nuclei, and no
aggregates were seen (Fig. 2A).
RNA binding
TGBp1 was shown to bind RNA in a sequence-non-
specific manner that was dependent on salt concentra-
tion. Digoxigenin (DIG)-labelled single-stranded RNA
bound to TGBp1 (Fig. 3) when incubated in buffer con-
taining up to 400 mM NaCl, but no binding was observed
at 800 mM NaCl with either PMTV or TMV RNA (data not
shown). In experiments with purified thioredoxin–TGBp2
fusion protein, PMTV and TMV RNA binding was ob-
served in the presence of 200 mM NaCl, and a faint
reaction was seen at 300 mM but not at 400 mM NaCl. In
similar experiments with preparations of thioredoxin–
TGBp3 fusion protein and a control preparation of thiore-
doxin, no RNA binding was observed (Fig. 3).
Protein interactions in the yeast two-hybrid system
All three TGBp were successfully cloned and ex-
pressed in yeast as fusions to the C-terminus of either
VP16 (activation domain) or Lex-A (DNA binding domain)
(data not shown). In the yeast system used here, an
interaction between the two proteins induces expression
of two integrated reporter genes, lacZ and HIS3. There-
fore, protein interactions were tested by growth of co-
transformed colonies on medium containing or lacking
histidine and the production of -galactosidase was re-
vealed in an agarose overlay assay. The proteins were
tested in both directions, i.e., when fused to either Lex-A
or VP16. Colonies of the cotransformants of all combina-
tions tested grew on DD medium (lacking tryptophan and
leucine) and colonies cotransformed with both vectors
expressing the homologous fusion either TGBp1, TGBp2,
or TGBp3 stained blue (Fig. 4A). Also, an interaction was
detected between TGBp2 expressed as a fusion with
VP-16 and Lex-A-TGBp3 but not between Lex-A-TGBp2
and VP16-TGBp3 (Fig. 4A). These interactions were con-
firmed by growth of cotransformants on TD medium (DD
medium lacking histidine) (Fig. 4B). No interactions were
detected between TGBp1 and the other TGBp, nor be-
tween any of the TGBp and the control protein, helper
component (HC) from Potato virus Y.
Western blot overlay assays
In vitro overlay assays were done to provide an alter-
native approach to investigate the TGBp interactions.
Western blots were prepared using preparations of the
three recombinant TGBp (as used in the RNA binding
studies). The blots were treated with guanidine hydro-
chloride to remove SDS and washed to partially renature
the proteins following the method of Chen et al. (2000)
before incubation with a preparation of recombinant
GST–TGBp1 fusion protein. The results from three exper-
iments confirmed the self-interaction of TGBp1 and no
reaction was detected between TGBp1 and either of the
other TGBp (Fig. 5). Control blots of GST–TGBp1 incu-
bated with anti-rabbit HRP conjugate only were also
negative (data not shown).
DISCUSSION
Expression of proteins from viral vectors has provided
insights into the function of Golgi proteins and subcellu-
lar architecture (Boevink et al., 1996, 1998), as well as the
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localisation and functional analysis of GRV and CMV
proteins (Ryabov et al., 1998; Blackman et al., 1998). We
used a TMV-based system to establish the subcellular
localisation of PMTV TGBp. The data presented for
PMTV TGBp expressed individually from a TMV-based
vector are in agreement with results obtained for homo-
logues in other viruses containing a TGB, and with pre-
dictions of transmembrane domains (in TGBp2 and
TGBp3) from amino acid sequence analysis.
Western blots of subcellular fractions of leaves in-
fected with recombinant TMV expressing GFP-fused or
free TGBp2 and TGBp3 showed that these proteins were
associated predominantly with membranous structures
and organelles. Also, TGBp3 was detected in cell wall
fractions. GFP-TGBp3 formed high molecular mass ag-
gregates in all subcellular fractions in the blots, suggest-
ing that the protein is not readily dissociated from plant
components. TGBp1 like TGBp3 was found in P1, P30,
and CW fractions. The membrane association of TGBp 2
and TGBp 3 has been found previously, for example, the
in vitro translation products of PVX TGB 2 and 3 associ-
ated with membranes (Morozov et al., 1990). Also, in
Western blot experiments of extracts of BSMV-infected
barley (Donald et al., 1993) or BNYVV-infected Cheno-
FIG. 2. Confocal laser scanning images of Nicotiana benthamiana epidermal cells. (A) Optical section of cells infected with TMV-GFP. (D) and (B,
enlargement) Superimposed images of optical sections taken over 1 min of cells infected with TMV–TGBp3 (arrows indicate pairs of fluorescent spots
between cells). (E) and (C, enlargement) Superimposed images of optical sections taken over 1 min of cells infected with TMV–TGBp2 (arrows indicate
large aggregates; N, nucleus). Superimposed images of serial sections of cells infected with TMV–TGBp3 (F) and TMV–TGBp2 (G). Bars represent
10 m.
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podium quinoa (Niesbach-Klo¨sgen et al., 1990), when all
three TGBp were expressed from viral RNA, the TGBp2
were associated with the fractions containing mem-
branous structures (the respective TGBp3 were not de-
tected). Experiments to detect TGBp1 in different subcel-
lular fractions vary in detail depending on the virus but
generally TGBp1 is found in CW and membrane frac-
tions. For example, PCV TGBp1 was detected in CW and
P30 fractions (Erhardt et al., 1999), whereas BSMV–
TGBp1 was found readily in all fractions including the
soluble fraction (Donald et al., 1993) and the TGBp1 of
BNYVV was found predominantly in the P30 fraction with
small amounts in the other fractions (Niesbach-Klo¨sgen
et al., 1990). In thin sections of PCV TGBp1 transgenic
plants, immunogold labelling of TGBp1 was observed in
vacuoles, organelles, and the cytoplasm but was only
observed associated with plasmodesmata if the plants
were inoculated with PCV RNA transcripts in which the
TGBp1 gene had been disabled, indicating that subcel-
lular targeting to the plasmodesmata required the pres-
ence of other viral proteins (Erhardt et al., 1999).
Fluorescent spots and aggregates of GFP–TGBp2 and
GFP–TGBp3 were observed moving in the cytoplasm and
at the periphery of the cell. In GFP–TGBp3-infected cells,
the CLSM images of opposing discrete fluorescent spots
near the cell walls are indicative of localization close to
plasmodesmata. The images are similar to those ob-
tained with GFP fused to the movement protein of TMV,
which was shown to localise to plasmodesmata (Oparka
et al., 1997), and with GFP labelled BNYVV TGBp1 when
coexpressed in cells with the other two TGBp (Erhardt et
al., 2000). Opposing pairs of spots were not seen in cells
where GFP–TGBp2 was expressed. In contrast, fluores-
cence was uniformly observed in the cytoplasm and
nucleus in cells infected with TMV expressing free GFP
(in agreement with published results; Baulcombe et al.,
1995). Our results with PMTV GFP fusions are similar to
the images obtained by Solovyev et al. (2000) for PSLV
GFP–TGBp fusions transiently expressed from plant ex-
pression vectors. GFP-labelled PSLV TGBp3 localised to
the cell periphery and in cells expressing PSLV TGBp2,
fluorescent spots and aggregates were visible moving
through the cytoplasm, transvacuolar strands, and at the
cell periphery.
FIG. 3. TGBp RNA binding assay. AWestern blot of purified recombinant
TGBp1 (lane 1), thioredoxin-TGBp2 (lane 2), thioredoxin-TGBp3 (lane 3),
and control thioredoxin (lane 4) were incubated with DIG-labelled PMTV
ssRNA and detected using an anti-DIG alkaline phosphatase conjugate.
The positions of the molecular mass markers are indicated on the left.
FIG. 4. Protein interaction analysis. Yeast cells were cotransformed with plasmids expressing different TGBp and grown on minimal medium minus
leucine and tryptophan and containing (A) or lacking (B) histidine. -galactosidase activity was assessed by agarose overlay assay. Cotransformations
were done with the different plasmid combinations indicated. The TGB genes were cloned into pLex plasmids (DNA binding domain) or VP16
(activation domain). HC, self-interacting control protein.
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This is the first report of experiments using the yeast
two-hybrid system to study putative interactions between
TGBp. The results demonstrated self-interactions be-
tween all three TGBp. These results showed that the
proteins were probably properly folded and stable in the
yeast cells. A heterologous interaction was found only
between TGBp2 and TGBp3 and this interaction was
revealed only in one direction, i.e., when VP-TGBp2 in-
teracted with Lex-A-TGBp3 but not vice versa. Asymmet-
rical interactions have been observed before in yeast
two-hybrid systems (Urcuqui-Inchima et al., 1999; Guo et
al., 2001) and may be the result of lack of accessibility of
the binding domains when expressed in the different
vector. Although we failed to find heterologous interac-
tions between the TGBp1 and the other TGBp, it is pos-
sible that such cross reactions are too weak to be de-
tected. Nevertheless, interactions with intermediate to
weak affinities (approximately 20 nM to 1 M) were
detected in a similar system where a lacZ reporter was
under the control of eight LexA operators (Estojak et al.,
1995). Another possible reason for the failure to observe
interactions may be that all three proteins are required,
although TGBp3-assisted targeting of TGBp2 to the cell
periphery occurs in the absence of TGBp1 (Solovyev et
al., 2000). The possibility that the heterologous binding
domains are inaccessible, perhaps because they are
hidden in membranes, cannot be excluded. Neverthe-
less, the data are supported by the overlay blot experi-
ments that revealed a self-interaction of TGBp1 but failed
to demonstrate in vitro interactions between TGBp1 and
either of the other two proteins.
The RNA binding of TGBp1 was expected since TGBp1
of other viruses also bind RNA. The finding that TGBp2
binds to RNA is novel; it has not been reported before for
homologues of this protein. The TGBp2–RNA interaction
is stable in the presence of 200 mM NaCl but not 400
mM, suggesting that it is a weaker interaction than that
of TGBp1. The predicted transmembrane topology of
TGBp2 is that the N- and C-termini protrude into the
cytoplasm (Sipos and von Heine, 1993; Sonnhammer et
al., 1998). Also, the N-terminus has a net positive charge
and may interact with RNA. The results are consistent
with a model where the PMTV RNA in complex with
membrane-localised TGBp1 associates with the protrud-
ing N-termini of membrane-embedded TGBp2 mole-
cules, the complex forming on the cytoplasmic surface of
the membrane (possibly that of a transport vesicle). This
is then translocated via the motile elements of the cell
endomembrane system and localised to the plasmodes-
mata by the TGBp3.
This model fits with the previously suggested roles of
TGBp2 and TGBp3 in facilitating intracellular transport
and targeting of the ribonucleoprotein complex to the
plasmodesmata for intercellular movement rather than
being integral components of the complex (Lough et al.,
2000; Lawrence and Jackson, 2001). However, the mode
of action is mediated by RNA–protein rather than pro-
tein–protein interactions as previously assumed.
MATERIALS AND METHODS
Plasmids and constructs
The DNA sequences representing each of the TGB
open reading frames were amplified by PCR using as
template a full-length cDNA clone (c155) of RNA2 (B.
Reavy, unpublished results). The PCR products were
cloned into the vector pGEM-T (Promega). Plasmid DNA
was prepared and the genes excised with appropriate
restriction enzymes for subsequent cloning into the dif-
ferent expression systems. The sequences of the oligo-
nucleotide primers used for cloning are given in Table 1.
The TMV-based vector, pTMV (30B), was provided by
FIG. 5. Overlay blot assay. (A) Coomassie blue stained gel of protein samples blotted to nitrocellulose membrane. (B) Overlay blot after incubation
with GST–TGBp1 fusion protein and reaction with anti-GST serum showing self-interaction of TGBp1 (arrowed). Lanes 1–3 contain thioredoxin–TGBp3,
thioredoxin–TGBp2, and free TGBp1, respectively. The positions of the molecular mass markers are indicated on the left.
111PMTV TRIPLE GENE BLOCK PROTEIN INTERACTIONS
W. O. Dawson (Citrus Research and Education Centre,
Lake Alfred, FL). This vector contains a second copy of
the subgenomic promoter for the coat protein gene lo-
cated between the genes for movement protein and coat
protein.
Construction of pTMV(30B) TGB clones. The DNA se-
quences representing each of the TGB proteins were
amplified by PCR from the c155 template using for
TGBp1, primers 1 and 2, for TGBp2, primers 3 and 4, and
for TGBp3, primers 5 and 6. The PCR conditions were as
follows: 94°C for 5 min, and then 30 cycles of 94°C for
30 s, 55°C for 30 s and 72°C for 60 s, followed by 70°C
for 10 min. The PCR products were gel purified and
ligated into pGEM-T (Promega), and then SmaI/XhoI in-
serts were prepared for ligation into PmeI/XhoI-digested
pTMV(30B).
Construction of pTMV(30B)GFP TGB clones. Overlap
extension PCR (Higuchi et al., 1988) was used to clone
the TGBp2 and TGBp3 as fusions to the C-terminus of
GFP. TGBp2 and TGBp3 genes were amplified from the
c155 template as described above using primers 4 and 9
(TGBp2) and 6 and 10 (TGBp3). Plasmid pTXS.GFP (Baul-
combe et al., 1995), which contains a cDNA insert en-
coding the GFP, was used as a template for PCR ampli-
fication of the GFP gene sequence using primers 7 and
8 for GFP-TGBp2, and primers 7 and 11 for GFP-TGBp3.
The PCR conditions were as follows: 94°C for 5 min, and
then 30 cycles of 94°C for 30 s, 55°C for 60 s and 72°C
for 30 s, followed by 70°C for 10 min. The products of the
reactions were combined and used as templates for the
overlap extension PCR, using primers 7 and 4 for GFP-
TGBp2, and primers 7 and 6 for GFP-TGBp3. The ampli-
fied products were cloned into pGEM-T (Promega), and
inserts were excised with PmeI/XhoI for ligation into
similarly digested pTMV(30B).
In vitro transcription and inoculation of plants
Plasmid DNA preparations were linearised by diges-
tion with KpnI or SapI for TMV51, and in vitro transcripts
(with a m7G-pppG 5 cap) were synthesised using T7
RNA polymerase in the RiboMAX large-scale RNA pro-
duction system (Promega). Products of the transcription
reaction were inoculated onto corundum-dusted leaves
of 4- to 5-week-old Nicotiana benthamiana plants, and
the plants were maintained in an insect-proof glass-
house at 20–25°C.
Microscopy
GFP fluorescence was observed in infected leaves
using a Bio-Rad MRC 1000 confocal laser scanning mi-
croscope equipped with a 25-mW krypton/argon laser
and an excitation wavelength of 488 nm. The leaf tissue
sections were mounted in 200/20 cS silicone fluid (Dow
Corning Corp., Midland, MI) before observation. Images
of single optical sections through epidermal cells were
recorded over time (30 scans over approximately 1 min).
Sequential optical sections, at 1-m intervals, were re-
corded from the upper surface to approximately the mid-
dle of the epidermal cells. All images were processed
using Adobe Photoshop (Adobe Systems Inc.).
Expression of TGB fusion proteins in E. coli, and
production of antisera
TGBp1. The TGBp1 nucleotide sequence was cloned
as a C-terminal fusion with glutathione-S-transferase
(GST) in the plasmid pGEX-3X (Pharmacia). The TGB1
sequence was amplified by PCR, using the c155 clone as
a template with primers 15 and 16. The PCR product was
digested with BamHI and EcoRI for ligation into similarly
digested pGEX3X. The fusion protein was expressed in
Escherichia coli and purified from inclusion proteins by
treatment with urea and further purification by glutathi-
one Sepharose 4B (Pharmacia) chromatography. Approx-
imately 100 g of purified protein was emulsified in
Freund’s incomplete adjuvant and a Dutch rabbit injected
subcutaneously on two occasions (day 0 and day 18).
The antiserum obtained had a titre of 1/13,500 against
GST-51 in Western immunoblots.
TGBp2. The TGBp2 nucleotide sequence was cloned
as an N-terminal fusion with a 6 His-tagged thioredoxin
sequence in the plasmid pQTE31 (V. G. Lunin, E. V.
Ryabov, and S. K. Zavriev, Institute of Agricultural Bio-
technology, Moscow). The TGB2 sequence was ampli-
fied by PCR, using the c155 clone as a template with
primers 17 and 18. The PCR conditions were 94°C for 5
min, and then 30 cycles of 94°C for 30 s, 60°C for 60 s
TABLE 1
Oligonucleotides Used for Cloning
Primer Sequencea
1 5-CGACGTTTAAACATGGAAAGTGTATTC-3
2 5-GATCCTCGAGTTATTCCGGACCATAC-3
3 5-CGACGTTTAAACATGGTCCGGAATAAC-3
4 5-GATCCTCGAGTTAACCTCCATATGAC-3
5 5-CGACGTTTAAACATGGATCCTCCAGTA-3
6 5-GATCCTCGAGTTAACAACGAGCTAAC-3
7 5-CGACGTTTAAACATGAGTAAAGGAGAAG-3
8 5-GTTATTCCGGACCATTTTGTATAGTTCATCC-3
9 5-GGATGAACTATACAAAATGGTCCGGAATAAC-3
10 5-GGATGAACTATACAAAATGGATCCTCCAGTAA-3
11 5-TTACTGGAGGATCCATTTTGTATAGTTCATCC-3
12 5-CGACGTGGTACCGCATGGAAAGTGTATTC-3
13 5-CGACGTGGTACCGCATGGTCCGGAATAAC-3
14 5-CGACGTGGTACCGCATGGATCCTCCAGTA-3
15 5-CGGGATCCGAAGTAGACCACACAGAGTG-3
16 5-TCCGAATTCGTTATTCCGGACCATACCTG-3
17 5-CGATCC ATGGTTAACCTCCATATGAC-3
18 5-GATCGAGCTCTGTCCGGAATAACGAA-3
19 5-CTTATAATGGATCCTC-3
20 5-GCTGAGCTCTTAACAACG-3
a Restriction enzyme sites underlined.
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and 72°C for 60 s, followed by 70°C for 10 min. The PCR
product was digested with KpnI and SacI for ligation into
similarly digested pQTE31.
The fusion protein was expressed in E. coli and puri-
fied from inclusion proteins by treatment with Sarkosyl
and Ni-NTA (nickel-nitrilotriacetic acid, Qiagen) affinity
chromatography. Approximately 75 g of Ni-NTA-purified
protein was emulsified in Freund’s incomplete adjuvant
and a Dutch rabbit injected subcutaneously (on days 0
and 47). The antiserum obtained had a titre of 1/30,000
against thioredoxin–TGBp2 in Western immunoblots.
TGBp3. The TGBp3 nucleotide sequence was cloned
into pQTE31 as a C-terminal fusion with thioredoxin as
described for TGBp2 using the primers 19 and 20. The
PCR conditions were 94°C for 5 min, and then 30 cycles
of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min, followed
by 10 min at 72°C. The fusion protein was purified by
Ni-NTA chromatography. Approximately 70 g of purified
protein was emulsified in Freund’s incomplete adjuvant
and a Dutch rabbit injected subcutaneously (on days 0 and
14). The antiserum was used at 1/30,000 in immunoblots.
Digoxigenin-labelled RNA probes
Plasmid c155 and pTMV(30B) were used to prepare
DIG-labelled positive-sense, single-stranded RNA probes.
The plasmids were linearised by restriction with KpnI
(TMV) or XhoI (PMTV), and transcripts produced with T7
polymerase in the RiboMAX large-scale RNA produc-
tion system (Promega) using a DIG RNA-labelling mix
(Roche) incorporating DIG-11-dUTP.
Northwestern blots
Purified GST-51 was digested with the protease Factor
Xa (Pharmacia) according to the manufacturer’s instruc-
tions and the products electrophoresed in 10% sodium
dodecyl sulphate (SDS)–polyacrylamide gels (PAGE)
(Laemmli, 1970). The gels were stained with Coomassie
brilliant blue R250 and the band of mass corresponding
to p51 was excised. The excised gel bands of TGBp1 and
purified preparations of thioredoxin–TGBp2 and thiore-
doxin–TGBp3 were electrophoresed in SDS–PAGE and
electroblotted onto Hybond-P polyvinylidene fluoride
(PVDF) membrane (Amersham) in 10 mM 3-[cyclohex-
ylamino]-1-propanesulfonic acid (CAPS), pH 11, contain-
ing 3 mM dithiothreitol, 0.02% SDS, and 20% methanol.
The membranes were washed in RN buffer (10 mM Tris,
pH 7.5, 1 mM ethylenediaminetetraacetic acid disodium
salt (EDTA), 0.05% Triton X-100, 1 Denhardt’s reagent
(1% Ficoll, 1% polyvinylpyrrolidone (PVP), and 1% BSA)
containing 0–800 mM NaCl), for four periods of 30 min
each, followed by 1 h incubation in RN buffer containing
50 ng/ml of DIG-labelled RNA at room temperature (ap-
prox. 22°C) and overnight (approximately 16 h) at 4°C.
The blots were brought to room temperature and then
washed three times for 15 min each in RN buffer (main-
taining the same NaCl concentration), then for 5 min in
MBS (100 mM maleic acid, 150 mM sodium chloride, 125
mM sodium hydroxide, pH 7.5). The membrane was then
incubated for 30 min in blocking reagent (0.5% w/v;
Roche), followed by 30 min with anti-DIG-alkaline phos-
phatase conjugate (Roche) diluted 1/1000 in blocking
buffer. The membrane was then washed twice for 15 min
each in MBS, and equilibrated for 5 min in 100 mM
Tris–HCl, pH 9.5, 100 mM NaCl, and 5 mM MgCl2 before
addition of 5-bromo-4-chloro-3-indolyl phosphate/ni-
troblue tetrazolium (BCIP/NBT) liquid substrate solution
(Sigma).
Subcellular localisation and immunoblots
N. benthamiana plants were inoculated with recombi-
nant TMV transcripts coding for each of the PMTV TGBp
or GFP-TGBp. Systemically infected leaves were taken
7–15 days postinoculation (d.p.i.) and treated essentially
as described by Godefroy-Colbourn et al. (1986) to pre-
pare different subcellular fractions. Electrophoretic
transfer to nitrocellulose membrane and subsequent re-
action with antibodies were done essentially as de-
scribed by Torrance (1992).
Western blot overlay assay
Factor Xa treated TGBp1 prepared in the same way as
the Northwestern blots, and purified preparations of thi-
oredoxin-TGBp2 and thioredoxin-TGBp3 were electro-
phoresed in 10% SDS–PAGE and electroblotted onto
PVDF membrane in 50 mM Tris, 192 mM glycine, 0.01%
SDS, and 20% methanol. The membrane was treated as
described by Chen et al. (2000) to partially renature the
proteins. Then the blot was incubated at room tempera-
ture for 5 h with a purified preparation of GST-51 diluted
to 1 g/ml in renaturation buffer (10 mM Tris–HCl, pH 7.4
containing 140 mM NaCl, 2 mM EDTA, 2 mM DTT, 1%
BSA, and 0.1% Tween 20). The membrane was washed in
TBSt and then incubated overnight at 4°C in TBS con-
taining 0.3% v/v glutaraldehyde. Bound GST-51 was de-
tected using an anti-GST rabbit polyclonal antibody, fol-
lowed by an anti-rabbit HRP conjugate (Sigma, A8275)
and ECL detection reagent (Amersham Pharmacia Bio-
tech, RPN 2109).
Construction of clones for yeast two-hybrid assays
The plasmids and yeast strains described by Hollen-
berg et al. (1995) were used. The TGBp genes were
amplified and cloned into pGEM-T as described above.
The oligonucleotide primers are listed in Table 1. For
pLex-A cloning, the TGBp1 sequence was amplified with
primers 1 and 2 and the TGBp2 sequence with primers 3
and 4. The cloned plasmids were digested with PmeI/
SalI, and the inserts were ligated into SmaI/SalI-digested
pLex-A. To prepare the pVP16 clones, the TGBp1 se-
quence was amplified with primers 12 and 2; TGBp2
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sequence was amplified with primers 13 and 4, and
TGBp3 sequence was amplified with primers 14 and 6.
The recombinant plasmids were digested with KpnI/NotI,
and the inserts ligated into pVP16 digested with KpnI/
NotI. As an additional control, the HC gene from Potato
virus Y ordinary strain was amplified and cloned into
both vectors using the same strategy. Yeast cells strain
L40 [MATa his3200 trp1-901 leu 2-3,112 ade2 lys2-
801am URA3::(lexAop)8-lacZ, LYS2::(lexAop)4-HIS3] were
cotransformed by the lithium acetate method (Schiestl
and Gietz, 1989) as described in the Yeast Protocols
Handbook (Clontech). Transformed yeast was cultured in
synthetic dropout minimal medium base containing 2%
glucose and drop out supplements lacking leucine and
trytophan (DD), or a triple dropout medium lacking
leucine, trytophan, and histidine (TD). In experiments on
TD medium, cotransformants were allowed to grow for
approximately 16 h in DD medium prior to spreading on
TD agar.
Protein extracts were prepared following the glass
bead method as described in the Yeast Protocols Hand-
book (Clontech). Proteins were separated in 10% SDS–
PAGE (as described above) and then transferred to Hy-
bond-C nitrocellulose membrane (Amersham) and de-
tected with an anti-LexA monoclonal antibody (Clontech)
or an anti-VP16 preparation (Clontech) and antispecies
enzyme conjugates as described above.
For the agarose overlay plate assay (Duttweiller, 1996),
transformed yeast growing on DD or TD medium was
completely immersed in chloroform for 5 min. The chlo-
roform was then decanted, and the plate inverted and
allowed to dry for 5 min. The plate was then overlayed
with 1% low melting point agarose containing 1 mg/ml
X-Gal in Z buffer (60 mM Na2HPO4.7H2O, 40 mM
NaH2PO4.H2O, 10 mM KCl, 1 mM MgSO4.7H2O, pH 7.0)
and then incubated at 30°C.
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